Abstract. The impact of lateral variations in the thickness of the lithosphere on surface topography, horizontal intraplate deformation and stress accumulation is studied for plates that drift with respect to the highly viscous lower mantle and the transition zone. The lithosphere and upper mantle are described by a viscoelastic Maxwell rheology within the framework of a finite element scheme which allows the modeling of heterogeneous lithospheric structures in 2D vertical cross sections. The geophysical signatures are found to be extremely sensitive to lateral viscosity contrasts which interact with the upper mantle flow. This mechanism can contribute to a certain extent and in concert with the other driving forces of plate tectonics to the evolution of back-arc basins, to the explanation of the largest angle of subduction in west-dipping slabs and to the initiation of subduction of an oceanic lithosphere undemeath a stable continental one.
Introduction
Seismological data, laboratory experiments, modeling of long wavelength geoid anomalie s, true polar wander and post-glacial rebound are consistent with a viscously stratified mantle and a sharp viscosity increase in the transition zone between the 420 and 670 km depth discontinuities (Duffyand Anderson, 1989; Karato, 1989; Ricard et al., 1989; Meade and Jeanloz, 1990; Ranalli, 1991; Spada et al., 1991) . The density discontinuities and the mechanical decoupling due to viscosity jumps at the various interfaces induce, above the transition zone, a channel effect in the flow field driven by different kinds of forcing, from tidal ones to surface mass loads (Spada et al., 1991) . Radiai variations are accompanied, in the uppermost mantle, by heterogeneities in the horizontal direction, as indicated by seismic tomography and heat flow data ( Yan et al., 1989; De Jonge and Wortel, 1990; Spakman, 1991) , which well agree with the existence of lateral viscosity variations (Gasperini and Sabadini, 1989) A consequence of these heterogeneities between continental and oceanic regions is a global westward drift of the lithosphere of 2 cm/yr with respect to the deep mantle, corresponding to the toroidal component of degree l = 1, consistently found in plate tectonic models (DeMets et al., 1990; Ricard et al., 1991) . The motion ofthe various plates with respect to the hot-spots and the global rotation of the lithosphere can be responsible for a large shear flow in the soft uppermost mantle. The effects of this shear flow on the dynamic topography, horizontal intraplate deformation and stress accumulation are here analyzed for laterally varying lithospheric plates. A numerical scheme is adopted in order to account for the short wavelength signatures associated with sharp lateral viscosity variations in the lithosphere.
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Results and discussion
The plane-strain version of the finite element code described by Melosh and Raefsky (1980) and Gasperini and Sabadini (1989) for post-glacial rebound has been used for simplified geometries in vertical cross sections of 2D lithospheric structures, appropriate for subduction zones and cratonic regions, as sketched in Figure l by the dot patch. Both the lithosphere and the underlying upper mantle are characterized by the linear viscoelastic Maxwell rheology. Plastic effects are not considered in our approach, but we know that they may play a role in lithospheric processes, especially for large deformations (Vilotte et al., 1987) . The influence of lateral density variations on tectonics has been widely studied (Fleitout and Froidevaux, 1982) and is not taken into account in our modeling which focus on viscosity contrasts. We nevertheless consider the buoyant restoring force due to the density contrast at the surface. In order to force a shear flow in the upper mantle we induce a leftward velocity of the lithosphere with respect to the bottom at 420 km, held fixed in the vertical and horizontal directions. Since stress boundary conditions are more significant from the physical standpoint than velocity ones, we adopted the procedure suggested by Wdowinski and O'ConneIl (1990) who argued for "velocity equivalent" stress boundary conditions, which in our case have 
600 900 1200 1500 1800 anomaly. In panel (b) the horizontal displacement from the left edge of the plate is portrayed with the same time sampling of (a); the horizontal component is subject to a linear increase due to constant viscous f1ow.The striking result stands on the lagging of the lithospheric anomaly from the edges of the plate, corresponding to a strain-rate of about 10-16 sec-1, enhanced with respect to the findings of MODI. In panels (c) and (d) we portray a sensitivity analysis for viscosity, plate velocity and thickness variations. The mantle viscosity is lowered at 1020
Pa s, with the same ratio VL/VUM = 102 used in the previous calculations (solid). The results correspond to the dynamic equilibrium for these viscosities and must thus be compared with the findings at 5 Myr in (a) and (b). The softer upper mantle is responsible for a reduction of the topography of about one order of magnitude and a factor of three in the horizontal displacements. The dashed curves stand for an increased velocity of 5 cm/yr, which reinforces the displacements. A similar effect can be obtained by a reduction of the plate thickness to 50 km with v=5 cm/yr (dotted). The stress pattern is drastically different from MODI; the left portion of the mantle is now in compression due to the pressure exerted by the shear f10w on the lithospheric anomaly while the extension is enhanced in the overlying lithosphere. Inverted extensional and compressional features are observed in the right portion. Another deviation from MODI is the change in sign of the horizontal stress in the upper lithosphere in proximity of the anomaly. Pane I (f) shows 1'00 8. .,~__~~::::==:r::=:;:::Ir:::::;===b een applied at the right and left edges of the plates. These stresses are chosen in order to induce a constant velocity of 2 or 5 cm/yr of both edges with respect to the bottom at 420 km, as sketched in Figure l . Time-stepping is interrupted 5 Myr after the application of the forcing, 10 avoid large distortion of the mesh. MODI is the reference uniform model with a lithospheric thickness d of 100 km; MOD2 accounts for a subducted lithosphere dipping 300 km in the upper mantle while MOD3 contains a back-arc basin of the "Mariana type" (Uyeda and Kanamori, 1979) . MOD4 represents a cratonic region of 800 km of width with smoothed edges down to a root of 400 km of lateral extension. Ali the grids have a lateral extension of 2100 km to minimize edge effects. For MODI and a reference plate velocity v=2 cm/yr we show in Figure 2 topography, of a few meters, is negligible while the horizontal displacement V indicates that the centrai part is lagging with respect to the edges of the plate due to viscous drago Broad extensional and compressional features, in the left and in the right respectively, are symmetrically distributed with very low intensities of at most a few tens of MPa and the maximum shear is concentrated where the driving stresses are applied. In the low viscosity upper mantle the deviatoric stresses reach at most a fraction of 1 MPa. Figure 3 shows the results from MOD2; in (a) and (b) the displacements are sampled at 1,3 and 5 Myr after the application of the forcing (dotted, dashed and solid respectively). The pressure exerted by the mantle f10won the dipping lithosphere induces a typical dipolar topography of several hundred meters that almost reaches the dynamic equilibrium in 5 Myr. This surface topography is associated with the counterclockwise rotation of the dipping viscosity that the maximum shear is largest in proximity of the lateral viscosity variations. This finding indicates that horizontal anomalies in the mechanical properties of the mantle act as stress concentrators when the upper mantle is dragged by the plates; stress values, of the arder of 102 MPa, are sufficiently high to induce fracture processes. Figure 4 shows the effects of lithospheric thinning in the back-arc regio n for the same time-sampling and VL, Vu M (panels (a), (b), dotted, dashed and solid). The displacements and stresses are now asymmetrical, with enhanced subsidence, larger than one kilometer, in the thinned lithosphere. The dash-dotted curve, record ed at 5
Myr, shows the effects of a viscosity decrease at Vu M = 1020 Pa s. Comparison with Figure 3 indicates that the horizontal displacement is enhanced in the right portion of the plateo The extension dominates now the style of the stress pattem in the upper portion of the lithosphere in proximity of the back-arc basin where the subsidence in concentrated, while the asthenospheric mantle beneath the basin is in compression. It is conceivable that this mechanism of extension can be responsible for further lithospheric thinning in the back-arc region, for the development of passive diapiric phenomena and associated magmatic and thermal instabilities. Deviatoric stresses are concentrated in the stiff portion of the Iithosphere while they are negligible in the basin dominated by a uniform extensional style. Figure 5 shows the same analysis for a cratonic regio n with the topographic highs and lows respectively in the front and in the rear of the drifting cratono The occurrence of these topographic signals of comparable amplitude has been found first by Ricard et al. (1988) for a uniform plate of 200 km of thickness within the thin plate approximation for the Iithosphere-asthenosphere system. The smoothing of the edges of the craton and the flexural properties of the laterally varying lithosphere are responsible for the appearance of more complicated features in the topography with respect to the previous findings. Similarly to the results of Figure 3 with the findings from MOD2, due to the thicker Iithosphere, while horizontal displacements are comparable in magnitude. An increase of v at 5 cm/yr, dash-dotted, enhances both the topography and the horizontal displacement at 5 Myr. In the steady state, the displacements U and V are proportional to the plate velocity, in agreement with a Iinear theory. Inspection of the solid curves in (c), (d), indicates that the lowering of the viscosities at 1022 Pa sand 1020 Pa s for VL and VUM' has the effect of reducing the dynamic topography by a factor of about four, while the horizontal displacement is slightly increased. It should be noted, on the other hand, that beneath a craton the mechanical coupling must be larger than in tectonicaIIy active areas or oceans, this suggesting that the viscosities of panels (a) and (b) are Iikely to be more realistic (Forsyth and Uyeda, 1975 ). An increase of v at 5 cm/yr for the low viscosity case enhances both the topography and horizontal displacement (dotted, (c) and (d)) as already observed for the higher viscosities. It is interesting to note that the neutral pIane does not coincide, as for the uniform reference model, with the Iithosphere-upper mantle interface. The stress values are lower that the ones obtained for the lithospheric anomaly of smaIIer lateral extension. The thin lithosphere in the right is subject to the most severe compression and deviatoric stresses, which may lead to the initiation of subduction beneath the stable cratonic lithosphere (panel (f)),
Concluding remarks
The role played by the basaI drag induced by astheno· spheric or upper mantle flow is generaIIy considered minor in comparison with other mechanisms such as slab pull or ridge push. Although the lithospheric structures considered here are extremely simplified, our results show that the interaction of the shear flow with a laterally varying lithosphere can induce observable signals in the topography and horizontal intraplate deformation. The amplitude of the steady state dynamic topography is very sensitive to the upper mantle viscosities and for Vu M ranging from 1020 to 1021 Pa s it varies between 102 to 103 m for lithospheric heterogeneities appropriate for subducted slabs. In a cratonic region, the amplitude of the dynamic topography is sensitively reduced. The dipping high viscosity region in subducting slabs can store the largest deviatoric stresses, of the order of several tens of MPa, due to the rheological contrasts with the softer surrounding mantle. Thermally activated viscosities, non-linear and viscoplastic rheologies may have the effect to reduce the signals found in our calculations.
The lithospheric extension obtained from MOD2 and MOD3, associated with the lagging of the thick lithospheric anomaly, can certainly play a role in the evolution of back-arc basins for "Mariana type" subductions, with the dipping slab acting as an "anchor" as suggested by Uyeda and Kanamori (1979) and Doglioni (1991) on the basis of geological evidences. As an opening mechanism, this "anchor" model would be of course more efficient in inducing lithospheric stretching if the subducted lithosphere penetrates the transition zone, a case not considered here. In particular, MOD3 indicates that the zones of weakness between interacting plates may increase by a factor of two or more the amplitude of the dynamic topography and can drastically modify the stress pattern. The drag due to deep lithospheric roots could be responsible for the compression in the rear of drifting continents and for the initiation of subduction of the oceanic lithosphere undemeath the stable continental plate (MOD4). Deviatoric stresses are in fact larger in the thin oceanic lithosphere which is thus more unstable in comparison with the craton where stress values are lower. In conjunction with the other mechanisms of plate tectonics, the interaction between lateral viscosity variations and upper mantle shear flow can provide the physical basis for a better interpretation of the relative velocities between the plates and a variety of tectonic processes.
